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Abstract

To explore the effect of joint spacing and joint connectivity rate on the uniaxial compressive strength (UCS) and elastic modulus
of jointed rock mass, compression tests on preset intermittent fractured specimens were performed. Test results show that the
anisotropy of UCS of jointed rock mass tends to increase with joint connectivity rate. The decreasing rates of UCS and elastic
modulus of jointed rock mass, when the loading direction is perpendicular to the joint plane, are higher than those when the
loading direction is parallel to the joint plane with respect to joint connectivity rate and jointing index (the ratio of the length of
jointed rock mass specimen to the joint spacing). The fourth-degree polynomial function proposed in this study is appropriate to
analyze the nonlinear variation law of equivalent peak UCS of jointed rock mass with joint connectivity rate. The power function
proposed in this study is suitable to describe the nonlinear variation law of equivalent peak UCS and equivalent elastic modulus
of jointed rock mass with jointing index. However, the number of times and the number of parameters of multiple polynomial
function and the number of power function need to be determined according to site-specific test results of practical project.

Keywords Jointed rock mass - Joint spacing - Joint connectivity rate - Uniaxial compression test - Peak uniaxial compressive
strength - Elastic modulus

Introduction

To study the mechanical properties of jointed rock mass is
challenging, as the strength and deformability of rock mass
are significantly influenced by the distribution of joints. The
failure modes of rock mass also vary markedly with the var-
iation of joint orientation, spacing, and number of joints (Zhao
et al. 2015). Joint spacing and joint connectivity rate are the
two critical characteristics of joint geometry. At present, some
researchers have carried out experimental and numerical
studies on the influence of joint spacing and joint
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connectivity rate on the mechanical properties of jointed
rock mass.

Chen et al. (2012) investigated the combined influence of
joint inclination and joint continuity factor on deforming be-
havior of jointed rock mass for gypsum specimens with a set
of non-persistent open flaws under uniaxial compression.
Bahaaddini et al. (2013) conducted numerical investigation
on the effect of joint geometrical parameters on the mechani-
cal properties of a non-persistent jointed rock mass under uni-
axial compression, considering joint orientation, joint spacing,
joint persistency, and joint aperture. Chen et al. (2013) carried
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Fig. 1 Jointed rock mass
specimens with different joint
connectivity rates (unit: mm). k =
0.2 (a), k=04 (b), k=0.6 (¢c), k=
0.8 (d)

out a series of uniaxial compression tests on gypsum speci-
mens with regularly arranged multiple parallel pre-existing
joints, to study the dependence of cracking process of jointed

Fig. 2 Jointed rock mass
specimens with different joint
spacings (unit: mm). s = 10 mm
(a), s =20 mm (b), s =30 mm (c),
s =40 mm (d)

@ Springer

20

30

30

20

20

30

30

20

40

1010
T

40

20

30

30

20

20 40 20

10 10
—t —t
a k=02
10 20 g%
30 30
C k=0.6

15 _ 30 i15
20 20
a s=10mm
15 30 15
e ‘ i
20 20
C s=30mm

20

30 20 20 30 30

30

20

30

30 20 20

10

40

40

10

40

d k=08

rock mass on joint orientation and joint continuity factor.
Bahaaddini et al. (2015) studied the effect of joint geometrical
parameters of non-persistent rock mass on uniaxial
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Fig. 3 WAW-600C universal testing machine

compressive strength (UCS) and the deformation modulus
using PFC3P. Fan et al. (2015a, b) studied the crack initia-
tion stress and strain of jointed rock mass containing
multiple cracks under uniaxial compressive loading using
PFEC’P, considering effects of joint inclination and joint
continuity factor. Yang et al. (2016) conducted numerical
simulation of rock blocks with non-persistent open joints
under uniaxial compression using the particle flow model-
ing method. Liu et al. (2017) experimentally investigated
the influences of joint dip angle, joint persistency, joint
density, and joint spacing on the fatigue of synthetic
jointed rock models. Yang et al. (2017) carried out a phys-
ical experiment to better understand the mechanical behav-
ior of jointed rock mass, considering the effects of joint

Fig. 4 The relationship between
the loading direction and the joint
plane. 5= 0° (a), 3 =90° (b)

interaction, joint spacing, and joint dip angle. Chen et al.
(2018) numerically studied the effect of joint strength mo-
bilization on the mechanical behavior of jointed rock mass
using PFC?P. Yang and Qiao (2018) investigated the shear
behavior and failure mechanism of granite material bridges
between discontinuous joints subjected to direct shearing
using a flat-joint modeling approach.

The above scholars only studied the variation of mechani-
cal properties of specimens containing non-persistent joints
with the geometric parameters of the joints by conducting
experiments or numerical simulations. Few scholars have pro-
posed corresponding formulas to analyze the variation of
compressive strength of jointed rock mass with joint spacing
and joint connectivity rate.

In this study, various compression tests on preset intermit-
tent fractured specimens were performed, in order to under-
stand the effects of joint spacing and joint connectivity rate on
the strength and deformation of jointed rock mass systemati-
cally. The fitting formulas for the variations of the UCS and
elastic modulus of jointed rock mass with joint spacing and
connectivity rate are proposed.

Experimental setup
Specimen size and arrangement of joints

The specimens used in this study have dimensions of 10 cm X
10 cm x 10 cm. Non-persistent joints were created by inserting
planks with thickness of 1 mm into a mold after setting the
material. The jointed rock mass specimen with joint connec-
tivity rates of 0, 0.2, 0.4, 0.6, and 0.8 was prepared. The joint
spacing is maintained at 30 mm, as shown in Fig. 1.

The jointed rock mass specimen with joint spacings of 10
mm, 20 mm, 30 mm, and 40 mm and connectivity rate of 0.4
is shown in Fig. 2.
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Table 1 Experimental groups of

Geometric relationship between the
loading direction and the joint plane

Joint connectivity rate

uniaxial compression tests No. Joint spacing/mm

L-0-T 0

L-0-P 0

L-10-T 30
L-10-P 30
L-20-T 30
L-20-P 30
L-30-T 30
L-30-P 30
L-40-T 30
L-40-P 30
S-10-T 10
S-10-P 10
S-20-T 20
S-20-P 20
S-40-T 40
S-40-P 40

0 Perpendicular
0 Parallel
0.2 Perpendicular
0.2 Parallel
0.4 Perpendicular
04 Parallel
0.6 Perpendicular
0.6 Parallel
0.8 Perpendicular
0.8 Parallel
0.4 Perpendicular
0.4 Parallel
0.4 Perpendicular
0.4 Parallel
04 Perpendicular
0.4 Parallel

Preparation of model materials and specimens

Specimens were cast by pouring cement mortar with water/
cement ratio of 0.65 into the mold. Cement No. 425 used in
this study was produced by the China Building Materials
Academy. The ISO standard sand was used which is
conformed to Chinese National Standard GB/T17671-1999.
Its particle size ranges from 0.5 to 1.0 mm.

After the initial setting of the cement mortar, wood plank
was inserted into position as marked by the short-line
shown in Figs. 1 and 2. The length of the wood planks is
10 cm, and the wood planks remained permanently in the
specimens.

50

N
o
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\O

Compressive strength / MPa

0

0 90

Br°
Fig. 5 The peak uniaxial compressive strengths of jointed rock mass
specimen with different joint connectivity rates, k
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Test machine

Uniaxial compression tests were conducted using WAW-600C
universal testing machine. The maximum displacement load-
ing rate of the testing machine is 60 mm/min, and the maxi-
mum compression load is 600 kN. A picture of the testing
machine is shown in Fig. 3.

In this study, the uniaxial compression tests were per-
formed under displacement loading rate of 0.6 mm/min, ap-
proximately to a strain rate of 10™*s ™"

Test groups

When conducting compression test on each jointed rock mass
specimen, the loading was applied in a direction that was

1.2
1.0 1

0.8

b
™~ 0.6+
o

0.4

0.2

0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
k

Fig.6 Variation curves of equivalent peak UCS of jointed rock mass with
joint connectivity rate when (3 are 90° and 0°
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Fig. 7 The contrast result between Eq. (1) proposed by Chen et al. (2011) and Eq. (2) proposed by Wang et al. (2011). 5= 0° (a), 3 = 90° (b)

either parallel or perpendicular the joint plane, as shown in
Figs. 1 and 2. As for the jointed rock mass specimen with the
joint connectivity rate of 0.4 and the joint spacing of 30 mm,
the loading direction was set either perpendicular or parallel to
the joint plane as shown in Fig. 4. Angle 3 of joint plane is
considered as 0° when the loading direction is perpendicular
to the joint plane and 90° when the loading direction is parallel
to the joint plane.

The uniaxial compression tests were divided into several
groups as shown in Table 1. The uniaxial compression tests
were classified according to three factors, i.c., the joint con-
nectivity rate, the joint spacing, and the geometric relationship
between the loading orientation and the joint plane.

Test results of jointed rock mass with varied
joint connectivity rates

Peak UCS of jointed rock mass

The comparison of UCS of jointed rock mass specimen with
various joint connectivity rates, k, when the loading direction is
perpendicular or parallel to the joint plane, is shown in Fig. 5.

Test results show that the peak uniaxial compressive
strengths of jointed rock mass specimen with joint connectiv-
ity rates 0f 0, 0.2, 0.4, 0.6, and 0.8, when the loading direction
is parallel to the joint plane, are greater than that when the

loading direction is perpendicular to the joint plane. This co-
incides with the conclusions obtained by Bahaaddini et al.
(2013), Fan et al. (2015a, b), Bahaaddini et al. (2016), Yang
et al. (2016), Yang et al. (2017), and Chen et al. (2018).

When the joint dip angle is low (e.g., 3= 0° and 15°), with
the axial compression increasing, wing cracks developed from
the pre-existing joint tips. The wing cracks are tensile cracks
that initiated at an angle from the joint tips and propagated in
the direction of maximum compression, and macro failure
planes going through the entire specimens fail the jointed rock
mass with the development of wing cracks (Yang et al. 2017).
When the joint dip angle is 90°, although cracks occurred to the
rock bridges between pre-existing joints and the joint plane, the
joint plane has negligible effect on the failure behavior of the
jointed rock mass, and this failure model can be defined as
intact material failure mode (Yang et al. 2017). Therefore, the
peak uniaxial compressive strength of jointed rock mass spec-
imen with preset non-persistent joints when the loading direc-
tion is parallel to the joint plane is higher than that when the
loading direction is perpendicular to the joint plane.

The difference of peak UCS of jointed rock mass specimen
between when (3 is 90° and 0° increases with joint connectiv-
ity rate. Therefore, the anisotropy of UCS of jointed rock mass
tends to increase with joint connectivity rate. The equivalent
peak uniaxial compressive strengths of jointed rock mass
specimen with different joint connectivity rates are shown in
Fig. 6. In this figure, o,z and oz are the peak uniaxial

Table 2 Fitting parameters of Eq. (1) proposed by Chen et al. (2011) Table 3  Fitting parameters of Eq. (2) proposed by Wang et al. (2011)
o/ p q R? 0 o/ a b R’ 0

0 7.34464 2.22886 0.99245 0.00122 0 0.27054 —1.26129 0.9695 0.00495
90 0.21925 1.08059 0.93865 0.00031 90 0.02193 —0.19978 0.9374 0.00031
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compressive strengths of jointed rock mass specimen with and
without joints, respectively.

In Fig. 6, it can be noted that the peak UCS of jointed rock
mass model decreases rapidly with joint connectivity rate
when the loading direction is perpendicular to the joint plane.
The relationship curve between the equivalent peak UCS and
the joint connectivity rate is approximately linear when the
loading direction is parallel to the joint plane. Therefore, the
effect of joint connectivity rate on the peak UCS, when the
loading direction is parallel to the joint plane, is relatively less
than that on when the loading direction is perpendicular to the
joint plane.

Chen et al. (2011) suggested that the nonlinear variation
law of equivalent peak UCS of jointed rock mass with joint
connectivity rate could be analyzed by the reciprocal expres-
sion of power function:

O/ % = 1/(1 + pk?) (1)

where p and ¢ are the fitting parameters.

Wang et al. (2011) suggested that the nonlinear variation
law of equivalent peak UCS of jointed rock mass with joint
connectivity rate could be analyzed by quadratic polynomial
function:

0,/ G = ak® + bk + 1 (2)

where a and b are the fitting parameters.

Equations (1) and (2) are firstly implemented into Origin
software. Then, the values of the parameters of Egs. (1) and
(2) are obtained by using the nonlinear least square method.
The same procedures were utilized in this paper for all subse-
quent formulas.

The test results shown in Fig. 6 were analyzed by using
Egs. (1) and (2), respectively. Figure 7 shows the results of
Eq. (1) proposed by Chen et al. (2011) in comparison with
Eq. (2) proposed by Wang et al. (2011). The square of the
correlation coefficient (R*) and the sum of least error
square (Q) are chosen as discrimination criteria (Yang
and Cheng 2011). The back-analyzed parameters of fitting
curves between the equivalent peak UCS and joint connec-
tivity rate, and the coefficients of R? and the coefficients of
Q are listed in Tables 2 and 3.

The model agrees well with the experimental result
when R? tends to 1 and Q approaches zero. Therefore, the
fitting accuracy of Eq. (1) proposed by Chen et al. (2011) is
higher than that of Eq. (2) proposed by Wang et al. (2011)
in fitting the test data when the loading direction is perpen-
dicular to the joint plane. The fitting accuracy of Eq. (1)
proposed by Chen et al. (2011) is close to that of Eq. (2)
proposed by Wang et al. (2011) in fitting the test data when
the loading direction is parallel to the joint plane.

@ Springer

Table 4  The coefficients of R using Egs. (2)(7) fitting

p°  Eq.(2 Eq.(3 Eq.(49 Eq.(5) Eq.(6) Eq.(7)
0 0.9695 0.9942 0.9827 0.9953 1.0 1.0
90 0.9374 0.9374  0.9388 0.9402 1.0 1.0

Equation (1) is the reciprocal expression of power func-
tion of joint connectivity rate, and the fitting accuracy of
Eq. (1) is higher than that of Eq. (2). Therefore, the fitting
accuracy of the reciprocal expression of Eq. (2) may be
higher than that of Eq. (2). And the fitting accuracy of
cubic polynomial function may also be higher than that
of Eq. (2). These need further investigation to confirm.

Because of this, we used various functions to analyze
the nonlinear variation law of equivalent peak UCS of
jointed rock mass with joint connectivity rate. In this study,
the quadratic polynomial function, the cubic polynomial
function, and the fourth-degree polynomial function, in
association with the reciprocal expression of the quadratic
polynomial function, the reciprocal expression of the cubic
polynomial function, and the reciprocal expression of the
fourth-degree polynomial function were employed
subsequently.

The reciprocal expression of the quadratic polynomial
function is

0l G = 1/ (ak® + bk + 1) 3)

The cubic polynomial function is

0,/ 0, = ak® + bk + ck + 1 (4)

The reciprocal expression of the cubic polynomial function
is

0,/0, = 1/(ak’ + bk + ck + 1) (5)

The fourth-degree polynomial function is

UJR/%zak4+bk3+ck2+dk+l (6)

Table 5 The coefficients of O using Egs. (2)—(7) fitting

B/ Eq.(2) Eq.3) Eq.(4) Eq.(5) Eq.(6) Eq. (1)

0 0.00495 0.00095 0.00421 0.00113 1.2942E-31 3.0815E-33
90 0.00031 0.00031 0.00046 0.00045 6.163E-32 7.3956E—-32
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Fig. 8 The fitting curves of Egs. (2)—(7). 3= 0° (a), 5 =90° (b)

The reciprocal expression of the fourth-degree polynomial
function is

0/, = 1/(ak* + bl + ck* + dk + 1) (7)

The R and O of Egs. (2)—~(7) when fitting the test data
shown in Fig. 6 are given in Tables 4 and 5.

The fitting accuracy of multiple polynomial function can
be significantly improved by increasing the number of times
and the number of parameters of multiple polynomial func-
tions when fitting the test data shown in Fig. 6. The R* obtain-
ed by the fourth-degree polynomial function is 1.0. For the
quadratic polynomial function or the cubic polynomial func-
tion, R* will be improved and Q will be reduced when using its
reciprocal expression fitting. The fitting accuracy of Eq. (6) or
(7) seems to be high. The fitting curves of the test results using
Egs. (2)—~(7) are shown in Fig. 8.

4 -
—0o— k=0.0 k=06
—o— k=0.2 e k=08
34 —— k=04

Elastic modulus / GPa
N

01— T
0 90
BI°
Fig. 9 The elastic modulus of jointed rock mass specimen with different
joint connectivity rates

1.2
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041 Eq. [4]
- *- Eq.[5]
0.2- Eq. [6]
- a- Eq.[7]
0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
k
b p=90°

Although the fitting accuracy of Eq. (6) or (7) is almost
identical, the fitting curve of Eq. (6) is closer to the test data,
and the fitting curve of Eq. (7) is a little deviated from the test
data when £ is in the range of 0 to 0.2, when 3 is 0°. Therefore,
it is preferable to use Eq. (6) for analysis. When using Eq. (6),
we have:

1. When s 0°, the relation can be expressed by

O/ G = —19.84365k" + 34.13722k°~17.99275k* + 1.6806k + 1 (8)

2. When g is 90°, the relation can be expressed by

0,/ Gy = —6.5546k* 4 10.59291k7~5.21746k> + 0.56555k + 1 9)
1.2
1.0 4 —o—B=0°
—eB=90°
0.8
Luc<
\k 0.6-
LU\
0.4
0.2
0.0 . . . . .
0.0 0.2 0.4 0.6 0.8 1.0
k

Fig. 10 Variation curves of equivalent elastic modulus with joint
connectivity rate of jointed rock mass when [ are 90° and 0°
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Fig. 11 The peak uniaxial compressive strengths of jointed rock mass
specimen with different joint spacings

The fitting accuracy of Eq. (1) is higher than that of Eq. (2)
when fitting the nonlinear variation law of equivalent peak
UCS of jointed rock mass with joint connectivity rates in this
study, whilst the fitting accuracy of the fourth-degree polyno-
mial function is higher than that of Eq. (1).

Therefore, the multiple polynomial function is appropriate
to analyze the nonlinear variation law of equivalent peak UCS
of jointed rock mass with joint connectivity rate. The fitting
accuracy of multiple polynomial function can be improved by
increasing the number of times and the number of parameters,
whilst the number of times and the number of parameters of
multiple polynomial function need to be determined according
to the lab and field test results of practical project.

Elastic modulus

The elastic modulus is calculated as a secant modulus from the
origin to a defined point on the uniaxial compressive stress-

1.2 1
1.0

0.8

bf~‘<

= 06

bS o
0.4

0.2 —e— B=90°

0.0

0 2 4 6 8 10 12

Fig. 12 Variation curves of equivalent peak uniaxial compressive
strengths of jointed rock mass with jointing index
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Fig. 13 Fitting curves of power function proposed in this study when
analyzing the equivalent peak UCS with jointing index

strain curve, within 30% of the specimen’s peak UCS. The
comparison of elastic modulus of jointed rock mass model
with different joint connectivity rates, when the loading direc-
tion is perpendicular and parallel to the joint plane, is shown in
Fig. 9. Variation curves of equivalent elastic modulus with
joint connectivity rate of jointed rock mass specimen are
shown in Fig. 10. In Fig. 10, E z and Ey are elastic moduli
of jointed rock mass models with and without joint,
respectively.

The elastic modulus of jointed rock mass specimen de-
creases substantially with joint connectivity rate when the
loading direction is perpendicular to the joint plane. The de-
creasing rate of equivalent elastic modulus of jointed rock
mass specimen with joint connectivity rate when the loading
direction is perpendicular to the joint plane is higher than that
when the loading direction is parallel to the joint plane.

Test results of jointed rock mass with varied
joint spacing

Peak UCS of jointed rock mass model

The uniaxial compressive strength of jointed rock mass spec-
imen with different joint spacings, when the loading direction

Table 6 Parameters of power function proposed in this study when
analyzing the equivalent peak UCS with jointing index

e a b c R? 0
0 —1.00092  —0.13421 0.92081 0.99837  0.00016
90 —0.99082  0.04632 0.04632  0.97252  0.00032
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Fig. 14 The elastic moduli of jointed rock mass specimen with different
joint spacings

is perpendicular or parallel to the joint plane, is shown in Fig.
11.

In Fig. 11, it is clear that the peak uniaxial compressive
strength of jointed rock mass model with joint spacings of
10 mm, 20 mm, 30 mm, and 40 mm, when the loading direc-
tion is parallel to the joint plane, is greater than those when the
loading direction is perpendicular to the joint plane. The peak
uniaxial compressive strengths of jointed rock mass models
when [ is 90° and 0° both increase with joint spacing.

The jointing index m is defined as the ratio of the length of
jointed rock mass specimen to the joint spacing (Chen et al.
2014):

m=L/s (10)

where L is the length of jointed rock mass model, and s is the
joint spacing.

1.2
1.0

0.8
LU%
= 064
m%

0.4

0.2+

0.0

0 2 4 6 8 10 12

Fig. 15 Variation curves of equivalent elastic modulus with jointing
index

In Eq. (10), it is known that the jointing index m is inverse-
ly proportional to the joint spacing. The denser the joint, the
smaller the joint spacing and the greater the jointing index m
is. The length of jointed rock mass specimen of 100 mm is
adopted in this study; thus, the jointing indexes of jointed rock
mass specimen with joint spacings of 100 mm, 40 mm, 30
mm, 20 mm, and 10 mm are calculated as 1.0, 2.5, 3.33, 5, and
10, respectively. Variation curves of equivalent peak uniaxial
compressive strengths of jointed rock mass with jointing in-
dex, m, are shown in Fig. 12.

The peak UCS of jointed rock mass specimen decreases
drastically with jointing index when the loading direction is
perpendicular to the joint plane. The decreasing rate of the
peak UCS of jointed rock mass specimen when the loading
direction is parallel to the joint plane is relatively smaller than
that when the loading direction is perpendicular to the joint
plane with jointing index.

Chen et al. (2014) suggested that the nonlinear variation
law of equivalent peak UCS of jointed rock mass with jointing
index can be analyzed using the power function proposed by
Goldstein et al. (1966):

q]R/URza—F(l—a)mfh (11)

where a and b are the fitting parameters; m is the jointing
index.

Although the fitting curve of Eq. (11) agrees well with the
test data when (3 is 0° as shown in Fig. 10, it cannot converge
when ( is 90° as shown in Fig. 10. For this, we proposed a
power function to analyze the test data:

(12)

_ —b —c
/G =atm” +m

where a, b and c are the fitting parameters; m is the jointing
index.

The fitting results are shown in Fig. 13, and the fitting
parameters are listed in Table 6.

Both the fitting curves of power function proposed in this
study agree well with the test data when 3 are 0° and 90° as
shown in Fig. 10. Thus, Eq. (12) is more suitable to analyze
the variation curve of equivalent peak UCS of jointed rock
mass with jointing index.

Elastic modulus

The elastic moduli of jointed rock mass specimen with differ-
ent joint spacings, when the loading direction is perpendicular
and parallel to the joint plane, are shown in Fig. 14.

The elastic moduli of jointed rock mass specimen with joint
spacings of 10 mm, 20 mm, 30 mm, and 40 mm when the
loading direction is parallel to joint plane are greater than

@ Springer
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Fig. 16 The fitting results using Eqs. (12) and (13) when analyzing the variation curve of equivalent elastic modulus with jointing index. Eq. (13)

proposed by Chen et al. (2014) (a), Eq. (12) proposed in this study (b)

those when the loading direction is perpendicular to joint
plane. The elastic moduli of jointed rock mass models when
[ are 90° and 0° increase with joint spacing. Variation curves
of equivalent elastic modulus with jointing index are shown in
Fig. 15.

It can be noted that the elastic modulus of jointed rock mass
specimen decreases rapidly with increasing jointing index m
when the loading direction is perpendicular to the joint plane.
The decreasing rate of elastic modulus of jointed rock mass
specimen when the loading direction is parallel to the joint
plane is relatively smaller than that when the loading direction
is perpendicular to the joint plane with jointing index. In this
figure, it is evident that the variations of equivalent elastic
modulus of jointed rock mass models are nonlinear with
jointing index m when 3 are 90° and 0°.

Chen et al. (2014) proposed the same power function as the
form of Eq. (11) to analyze the variation curve of equivalent
elastic modulus with jointing index:

(13)

E,/E =c+ (1=c)ym™

where ¢ and d are the fitting parameters; m is the jointing
index.

When using Eq. (12) to analyze the variation curve of
equivalent elastic modulus with jointing index, the left side
of Eq. (12) needs to be replaced by E jz/Er.

The results of Eq. (12) in contrast to Eq. (13) are shown in
Fig. 16 for analyzing the variation curve of equivalent elastic
modulus with jointing index. The parameters of Egs.
(12)—(13) with respect to equivalent elastic modulus and
jointing index m of jointed rock mass model and the R* and
Q are listed in Tables 7 and 8.

Both the fitting curves of Egs. (12) and (13) agree well with
the test data, and the R* and O of Egs. (12) and (13) match
well. Therefore, Eqs. (12) and (13) are applicable to analyze
the variation curve of equivalent elastic modulus of jointed
rock mass with jointing index.

Discussion

Equation (12) is mainly composed of two power functions and
a constant. The fitting curve of Eq. (12) proposed in this study
agrees well with the test data when analyzing the variation
curve of equivalent peak UCS or equivalent elastic modulus
of jointed rock mass with jointing index. However, the fitting
accuracy of Eq. (12) may be improved by increasing the

Table 7  Parameters of Eq. (13) when analyzing the variation curve of Table 8 Parameters of Eq. (12) when analyzing the variation curve of
equivalent elastic modulus with jointing index equivalent elastic modulus with jointing index

G ¢ d R? 0 8 a b c R? 0

0 0.2647 2.15475 0.9971 0.00037 0 —0.9997 1.36637 —0.09334  0.99847  0.0003
90 0.29313 0.7496 0.9888 0.00075 90 —1.00081  —0.05994  0.56586 0.98841 0.00117
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Fig. 17 The fitting curves of Egs. (12), (14), and (15). Equivalent peak UCS (a), equivalent elastic modulus (b)

number of power function. Therefore, we expand the number
of power function of Eq. (12), i.e., one, two, and three,
respectively.

1. When the number of power function is 1, Eq. (12) is
changed to be

o, /UR:a—l—mfb (14)

2. When the number of power function is 3, Eq. (12) is
expanded as

q]R/UR:a—l—mfb—l—mf“—i—mfd (15)

When using Egs. (14)—(15) to analyze the variation curve
of equivalent elastic modulus with jointing index, the left side
of Egs. (14)—(15) also need to be replaced by E jz/Ex.

The test data shown in Figs. 11 and 14 are analyzed using
Egs. (12), (14), and (15), and the fitting results are shown in
Fig. 17. The values of R? of Egs. (12), (14), and (15) are listed
in Tables 9 and 10.

Table 9 R? of Egs. (12), (14), and (15) when analyzing the variation
curve of equivalent peak UCS with jointing index

The R* of Eq. (12) is obviously higher than that of Eq. (14),
but the R* of Eq. (15) is little higher than that of Eq. (12) when
analyzing the variation curves of equivalent peak UCS and
equivalent elastic modulus with jointing index, when 3 are
90° and 0°. Therefore, Eq. (12) is appropriate to analyze the
variation curves of equivalent peak UCS and equivalent elas-
tic modulus with jointing index. The fitting accuracy of Eq.
(12) can be improved by increasing the number of power
function. However, the number of power function needs to
be determined according to field test results of practical
project.

Conclusions

Using the tests on fractured rock mass models in this context,
the following conclusions can be drawn:

1. Both the peak UCS and the elastic modulus of jointed
rock mass specimen when the loading direction is parallel
to the joint plane are greater than those when the loading
direction is perpendicular to the joint plane with the same
joint connectivity rate and/or the same joint spacing.

2. The difference of peak UCS of jointed rock mass speci-
men, when 3 is 90° and 0°, increases with joint connec-
tivity rate. It can be concluded that the anisotropy of UCS

Table 10  R? of Egs. (12), (14), and (15) when analyzing the variation
curve of equivalent elastic modulus with jointing index

B° Eq. (14) Eq. (12) Eq. (15) 8P Eq. (14) Eq. (12) Eq. (15)
0 0.84583 0.99837 099862 0 0.92695 0.99847 0.99848
90 0.96909 0.97252 097341 90 0.97482 0.98841 0.98844
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of jointed rock mass tends to increase with joint connec-
tivity rate.

3. The decreasing rates of peak UCS and elastic modulus of
jointed rock mass when the loading direction is perpen-
dicular to the joint plane are higher than those when the
loading direction is parallel to the joint plane with joint
connectivity rate and/or jointing index.

4. The fourth-degree polynomial function proposed in this
study is appropriate to analyze the nonlinear variation law
of equivalent peak UCS of jointed rock mass with joint
connectivity rate. However, the number of times and the
number of parameters of multiple polynomial function
need to be determined according to lab and field test re-
sults of practical projects.

5. The power function proposed in this study is suitable to
describe the nonlinear variation laws of equivalent peak
UCS and equivalent elastic modulus with jointing index,
whilst the number of power function need to be deter-
mined according to site-specific test results of practical
project.
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